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ABSTRACT. In order to determine if defects in regulation of immune responses play a role in the pathogenesis of croup, we studied 37 infants and children with either croup or upper respiratory illness alone due to parainfluenza virus (PV). PV-specific IgE responses were determined by an enzyme-linked immunosorbent assay, cell-mediated immune responses to PV antigen were studied by in vitro lymphocyte transformation assays, and suppressor cell function was determined by addition of histamine to lymphocyte transformation assays. In comparison to patients with upper respiratory illness alone, patients with croup had increased production of PV-specific IgE antibody, increased lymphoproliferative responses to PV antigen, and diminished histamine-induced suppression of lymphocyte transformation responses to PV. These results suggest that a defect in suppressor function exists among croup patients. Similar defects have been demonstrated in bronchiolitis and atopic diseases, providing an immunologic link between the three illnesses. (Pediatr Res 19: 716-720, 1985) Abbreviations URI, Upper respiratory tract infection PV, Parainfluenza virus LTF, Lymphocyte transformation PHA, Phytohemagglutinin Acpm, Change in counts per minute NPS, Nasopharyngeal secretions RSV, respiratory syncytial virus Croup is a common respiratory illness of childhood, yet fairly little is known about its pathogenesis. The agents that most commonly cause croup are the parainfluenza viruses (I), yet infection with these agents in most individuals results in minor upper URI alone (2, 3) . It is conceivable therefore that host factors play a role in the pathogenesis of croup.
It has recently been demonstrated that patients with both croup and wheezing due to PV manifest greater PV-specific IgE antibody production in NPS than patients with URI alone due to PV (4) . IgE synthesis in rodents (5) and, presumably, in humans (6, 7) is regulated by T-lymphocytes whose suppressive effect on antibody synthesis is specific for the IgE isotype. We undertook the current study with the hope of detecting evidence of a defect in immunosuppression among patients with croup due to PV. In this regard, we studied LTF responses to PV antigen in blood samples obtained from patients with croup and with URI alone due to PV. In addition, we investigated possible differences in histamine-induced suppression of lymphoproliferative responses (8) among patients with croup or URI alone due to PV.
MATERIALS AND METHODS
Study population and specimen collection. The study group consisted of 37 infants and children ranging in age from 3 months to 7 yr recruited primarily from the acute disease clinic of Children's Hospital at the time of initial presentation with respiratory illness. Parents were advised of the goals and risks of the study, and signed statements of informed consent were obtained. A few patients were either recruited at the time of hospitalization for croup or were followed as part of an ongoing study of respiratory illness in childhood. All patients were studied during the autumn of 1983. Twenty-seven patients were classified as having croup on the basis of the presence of inspiratory stridor and a barking cough. Seventeen of the patients had a history of a previous episode of croup. While the diagnosis of croup was made on a clinical basis, lateral neck radiographs were frequently ordered by house officers as part of routine care of these patients and, when obtained, uniformly were read by radiologists as demonstrating diffuse narrowing of the subglottic area consistent with croup. The median age of croup patient was 14 months (range 3 to 48 months). Ten patients had URI alone, based on the presence of rhinorrhea and mild cough without stridor, hoarseness, or wheezing. The median age of the URI group was 18 months (range 1 to 62 months).
At the time of recruitment into the study, samples of NPS were obtained as previously described (4) for documentation of PV infection and for determination of PV-IgE antibody titer. A small sample of serum was also obtained for serologic studies. Patients were requested to return 4 to 8 wk later when similar samples of NPS and serum were obtained. At the follow-up visit an additional 3.5-ml sample of heparinized blood was obtained for analysis of histamine-induced suppression of LTF responses to PV antigen and mitogen. This assay was not performed at the time of the initial hospital visit, because preliminary studies demonstrated that significant LTF responses to PV were usually not present during the acute illness.
Documentation of PV infection. Infection with PV was documented initially by identification of viral antigen in NPS specimens using indirect immunofluorescence techniques previously described from this laboratory (9) Preparation of PV antigen. PV antigen for use in the LTF assay was prepared by methods previously reported from this laboratory for preparation of other viral agents (10) . Stock PV types 1 to 3 were grown in LLC-MK2 tissue culture cells to a concentration of lo6 TCID5,,/ml. The virus was partially purified by ultrasonification followed by centrifugation and was inactivated by ultraviolet irradiation. A control antigen was prepared by identical processing of uninfected LLC-MK2 cells. LTF responses. LTF responses to PV and to phytohemagglutinin were determined using a whole blood microculture technique previously utilized in this laboratory to determine LTF responses to other viral agents (10) . Wells in microtiter trays were inoculated with whole blood diluted in RPMI growth medium with 10% fetal calf serum and 2 mM glutamine. Dilutions were sufficient to permit inoculation with 2 x lo5 lymphocytes per well. Triplicate cultures were stimulated with 20 p1 of PV antigen types 1, 2, or 3 or tissue control antigen each diluted 1:4 and 1:16 or else PHA or growth medium alone. Cultures were maintained for 5 and 6 days before pulsing with tritiated thymidine (New England Nuclear, Brookline, MA), harvesting, and assaying for radioactivity in a scintillation counter. Results are expressed both as stimulation index, or the ratio of cpm in PV antigen-stimulated to control antigen-stimulated cultures, or as Acpm, the difference in cpm between PV antigen and control antigen-stimulated cultures. LTF responses presented in the "Results" section and in the tables and Figure 1 represent the maximum response (considering each antigen dilution on day 5 or 6 of culture) induced by the PV antigen type corresponding to that of the PV strain causing the infection originally. The specificity of the LTF assay for PV was determined in a preliminary study of another group of subjects followed prospectively and at the time of infection with viral agents other than PV. Results of these assays are shown in Table 1 . In all cases, LTF responses showed a stimulation index of t2.0, and a change in counts per minutes of less than 100.
Histamine-induced suppression of lymphoproliferation. Acpm with buffer -Acpm with histamine % suppression = Acpm with buffer Viability of cells (primarily T lymphocytes) at the end of the culture period was not influenced by the concentration of histamine (>95% viability by trypan blue exclusion). LTF responses of low magnitude cannot be used reasonably to determine histamine-induced suppression, in that slight variances in cpm result in exaggerated percentages of suppression. Therefore only peak LTF responses obtained at the follow-up visit in which the SI was 22.0 and the Acpm was in excess of 100 were used to calculate degrees of suppression. In all, seven of 10 patients with URI alone and all 27 patients with croup met these criteria for inclusion. Therefore data for 34 of the 37 study patients (92%) were included for analysis. The only criterion for exclusion of the three patients was inability to interpret the data because of lack of a meaningful immune response.
Statistical analysis. Differences between patient groups in terms of PV-IgE responses, lymphoproliferative responses, and degrees of suppression induced by histamine were compared using Student's t test after logarithmic transformation of data. Correlation coeficients were calculated by the method of least squares.
RESULTS

PV-IgE responses analyzed by form of illness.
Maximum PVIgE responses determined against the PV type causing infection are shown in Table 2 . In all cases, maximum PV-IgE responses were obtained in the convalescent sample, or else the PV-IgE titers were identical in the acute and convalescent samples. The geometric mean titer +-SD for patients with croup was 5.4 k 1.9, while that for patients with URI alone was 1.5 + 2.5, a difference which was statistically significant ( p < 0.02). The overall kinetics of PV-IgE formation in similar patients have been reported previously (4) . In 14 patients (data not shown) the titer of PV-IgE detected against PV types 1 and 3 was identical and, in 12 patients, the difference in titer was 2-fold. In three cases the difference in titer was 4-fold, and eight patients had no PV-IgE response. Despite the fact that no infections due to PV type 2 were documented, antibody to PV type 2 was frequently present in secretions. In almost all cases, PV-lgE titers against PV type 2 were 2-fold less than the maximum titer detected against PV types 1 or 3.
Maximum LTF responses to PV antigen analyzed by form of illness. LTF responses to PV antigen among patients in the two illness groups are shown in Table 3 . As previously noted, the LTF responses shown are those induced by PV antigen of the same type as the PV strain which caused infection. As explained in "Materials and Methods," appropriate samples were obtained only at the time of the follow-up visit. Results for all 37 patients are included, regardless of the magnitude of the LTF response. As indicated in Table 3 , only seven of 10 patients with URI Cross-reactivity was observed when studying LTF responses to PV type 1 and type 3 antigens, in that positive responses to either antigen were usually observed regardless of which PV type caused the actual infection.
Relationship of maximum LTF response to PV antigen to peak PV-IgE response. The correlation of maximum LTF response to PV antigen with maximum PV-IgE response in all study patients is described in Table 4 . Both the maximum LTF responses and PV-IgE responses analyzed in Table 4 are those specific to the infecting PV type. Patients were subdivided by the magnitude of PV-IgE antibody response in NPS into three groups: Those remaining negative for PV-IgE, those whose titer (when standardized by the amount of protein present) was between 1 and 4, and those whose corrected titer was greater than 4. An overall trend toward increased LTF responses to PV with increasing titer of PV-IgE produced was observed. Statistically significant differences were observed when comparing the PV-LTF response in the intermediate titer (PV-IgE titer of 1 to 4) group to that of the group with no PV-IgE response ( p = 0.05) and when comparing the high titer group to the group with no response ( p < 0.025).
The coefficient of correlation of peak PV-IgE titers and maximum LTF responses to PV did not attain statistical significance 
DISCUSSION
The results of the present study identify several immunologic abnormalities in patients with croup due to PV. In contrast to patients with URI alone due to PV, croup patients manifest greater peak PV-IgE responses in NPS, increased LTF responses to PV antigen by peripheral blood lymphocytes, and reduced histamine-induced suppression of LTF responses to PV antigen. While it could be argued that some of these differences between the two illness groups could be accounted for by subjects in the two groups having a different number of exposures to PV, nevertheless the similar ages of subjects in the two groups suggest that the number of PV infections experienced was probably quite similar. While no data on the point were generated in the present study, other investigators have demonstrated that the histamineresponsive cell which initiates the suppressor mechanism is a Tlymphocyte which bears histamine type 2 receptors and the OKT-8 phenotype (1 1, 12) . The most reasonable conclusion to be drawn might be that patients with croup manifest a deficiency in number and/or function of T suppressor cells in comparison to normal individuals of the same age who develop only URI at the time of PV infection. The finding in the present study of an overall correlation of the magnitude of LTF responses to PV with the magnitude of PV-IgE responses suggests that the defect in suppression might rest in a single population of cells responsible for regulation of both lymphoproliferative responses as well as IgE production. While this is an attractive hypothesis, it has not been tested, and it should be noted that no significant correlation was observed in the present study between the degree of histamine-induced suppression of lymphoproliferative response to PV and the magnitude of the PV-IgE response. A significant negative correlation might have been expected if a single cell type were responsible for both functions. It is possible that a more complex relationship exists between regulation of lymphoproliferation and of IgE synthesis.
We believe that the differences in cell-mediated responses observed in the present study are due to true differences in immunoregulatory mechanisms, and not due to differences in severity of duration of illness, for several reasons. First patients with URI alone had prominent cough and rhinorrhea, often with fever, so the illnesses were not entirely trivial. Second, convalescent-phase samples were obtained after patients had been in good health for 1 to 2 wk, which would tend to minimize any effects of duration of illness. It has been demonstrated that non-IgE antibody responses to PV are similar among patients with URI alone or lower respiratory tract disease due to PV (3) . Finally, the demonstration of reduced histamine-induced suppression of LTF responses in croup patients certainly suggests that differences in lymphoproliferative responses between the two illness groups are related to deficiencies in suppressor cell function rather than to differences in severity of illness.
The results of the present study are strikingly similar to those of studies of the immune response to RSV in infants with bronchiolitis (10, 13, 14) . These latter studies demonstrated that patients with RSV bronchiolitis manifest increased LTF response to RSV antigen (lo), increased production of RSV-IgE in NPS (13) , and reduced histamine-inducible suppression of LTF response to RSV (14) in comparison to patients with URI alone due to RSV. As in the present report, in which LTF responses to PV were studied, patients with RSV bronchiolitis were found to have deficient suppression of LTF responses to viral antigen, while the capacity to suppress responses to mitogenic stimulation was equivalent to that of groups with URI alone. While the response to other antigens needs to be studied, these findings at least suggest that patients with bronchiolitis and croup may have virus-specific defects in regulation of certain immune functions. Further studies of this point are in progress. It should also be noted that atopic patients also manifest reduced suppression of lymphoproliferation in response to histamine when compared to nonatopics (15, 16) . The relationship of croup, particularly recurrent croup, to asthma has been the subject of several previous reports (17) (18) (19) . Recurrent croup appears to occur more frequently among individuals with asthma and with family histories of asthma (17, 18) while children with croup at an early age frequently manifest wheezing at later ages (1 8, 19) . Also children with croup can be shown to have airway hyperreactivity (19) which may persist for many years (20) . The results of the present study provide an immunologic basis for a proposed link between croup, bronchiolitis, and atopic diseases.
Since it is known that lymphocytes stimulated by mitogens and a variety of antigens release soluble factors capable of enhancing basophil histamine release (21, 22) it is possible to interpret the results of the present study in the following manner. Lymphocytes of individuals with PV infection begin to proliferate, producing histamine-releasing factors that promote basophil histamine release as a physiologic mechanism of immune regulation. Proliferating lymphocytes of individuals prone to croup do not suppress adequately in response to the histamine signal, therefore continuing to produce releasing factors. As the level of free histamine increases, individuals, whose airways are hyperreactive to histamine may develop stridor or wheezing. Again, further testing of this hypothesis is required.
There is, to our knowledge, no information currently available concerning histamine levels in plasma or, more importantly, in the respiratory tract in croup, so it is not possible to state whether in vivo concentrations of histamine approximate those used in suppression assays in the present report. In a previous study from this laboratory (4) subjects with croup had a geometric mean concentration of 2 ng/ml of histamine in NPS, or 1.8 x lo-' M, but these secretions were diluted up to 1:5 in the collection process. In any case, the measured values in NPS may not reflect histamine concentrations to which lymphocytes are exposed in the respiratory mucosa. Histamine concentrations of approximately 6 x lo-' M have been measured in plasma of human asthmatic subjects following antigenic inhalation challenge (23) . Also it is possible that histamine concentrations of M may be achieved in sensitized human bronchial tissue following subsequent antigenic challenge (24) , but these values are only estimates.
The results of the present study suggest that defects in immunoregulation may play a significant role in the pathogenesis of croup. These defects are similar to those observed in atopic individuals. Successful desensitization therapy in atopic individuals is associated with the generation of cells which phenotypically and functionally appear to be suppressor cells (25, 26) . It may be that repeated exposures to PV, either by natural infection or by vaccination, may enhance suppressor cell function and thereby possibly prevent the occurrence of croup.
